The effect of the nanoscale structure of bioceramics on their in vitro bioactivity and capacity to osteogenically differentiate stem cell is studied. Nanoparticles of hydroxyapatite (nHA), bioactive glass (nBG), nanoporous bioactive glass (MBG), and nanoporous bioactive glass nanospheres (nMBG) are investigated. The nanometric particle size of bioceramics seems to be more determining in controlling the ability to induce bone-like apatite as compared to the nanoporous structure. At short incubation time, nBG also produces a bioactive extracellular medium capable of upregulating key osteogenic markers involved in the development of a mineralizing phenotype in DPSCs. The bioactive properties of nBG are promissory for accelerating the bone regeneration process in tissue engineering applications.
Introduction
Different techniques employing either autogenous or alloplastic materials have been used for decades as a filling material to repair bone dental defects, with variable degrees of success [1] . Bioceramics such as tricalcium phosphate ( -TCP), synthetic hydroxyapatite (HA), and bioactive glass (BG) appear as the most used alloplastic materials for bone repair. Most of the bioceramics stimulate the nucleation and crystallization of a biologically reactive hydroxycarbonate apatite (HCA) layer equivalent to the inorganic mineral phase of bone when contacted with physiological medium [2] . The growing HCA layer on the surface of the material provides an ideal environment for colonization by osteoblast boneforming cells, followed by proliferation and differentiation of the cells to form new bone. In the case of BG, this biomaterial not only provides an osteoconductive and osteoproductive substrate, but also actively stimulates cells to express osteoblastic phenotypes [3] . It has been demonstrated that the dissolution products of BG stimulate cell proliferation and the upregulation of a number of genes known to be involved in osteoblast metabolism and bone homeostasis. Most of the commercial biomaterial products are based on bioceramics particles with micrometer dimensions and prepared through high temperature processes. Nowadays, the advances in the synthesis of nanomaterials by sol-gel based techniques offer the possibility of synthesizing bioceramics with nanometric particle size, controlled nanostructures, and using relatively low processing temperatures. Nanodimensional bioceramics are expected to have improved bioactive properties due to their larger specific surface area. Smaller crystals and nanostructured surfaces dissolve more rapidly than microsized crystals of the same composition, due to the higher surface area exposed to the biological environment. Thus, nanosized bioceramics accelerate the rate of formation and growth of the biologically active apatite layer [4] , improving the chemical link between the materials and the newly formed bone, as well as the later attachment and differentiation of cells. Nanobioceramics with different particle size, nanostructure, crystallinity, and composition have been developed by using sol-gel based methods [5] . Nanohydroxyapatite (nHA) particles (30 nm) show similar morphology, size, and crystallinity to HA crystals of human hard tissues [6] and have demonstrated producing enhanced biomineralization and osteoblast functions [7] [8] [9] . Bioactive glass with nanometric particle size (nBG) induce substantially higher mineralization rate than the micrometric counterpart [10] and enable the production of composite tissue engineering with improved bioactivity and mechanical properties [11, 12] . The incorporation of supramolecular chemistry to the sol-gel processes has provided a new generation of bioactive glasses with highly ordered mesoporosity (MBG) [13] . Although MBG present particle size in the micrometer range, their internal structure is constituted of a highly ordered pore system with nanometric dimensions (4-7 nm). Its study has opened a new direction for applying nanotechniques to regenerative medicine by coupling material bioactivity with drug delivery of therapeutic molecules. MBG is highly bioactive compared with conventional ones, due to the increased surface area supplied by the nanoporosity. More recently, MBG nanoparticles (nMBG) with spherical morphology have been also prepared by a facile hydrothermal method [14] . This new bioactive glass structure combines a particle size of nanometric dimensions with the highly ordered porous nanostructure. Although the bioactivity of nMBG has not been compared with that of microsized MBG, they have demonstrated excellent bioactivity in SBF as well as a sustained release of antibone cancer drug. The literature indicates that in general bioceramics with nanoscale dimensions present superior bioactivity than their microsized counterpart. However, it is not clear what nanoscale property of the nanobioceramics is more decisive in controlling their bioactivity and how these properties affect their bioactive response. Nanoparticle size and shape, internal nanostructure, nanoporosity, surface area, crystallinity, or composition are properties that can differently affect the bioactive behavior of the nanobioceramics.
In the current work we synthesize and characterize different types of nanobioceramics (nHA, nBG, MBG, and nMBG) and systematically investigate the effect of their nanoscale structure on in vitro bioactivity in SBF, protein adsorption capacity, and osteogenic differentiation properties in presence of stem cells. ∘ C was chosen in order to obtain a less crystalline and more reactive nHA particle.
Materials and Methods

Synthesis of Nanobioceramics
Synthesis of Bioactive Glass
Nanoparticles. Nanosized BG particles (nBG) were synthesized by the solgel method initially reported by Hong et al. [15] and using a molar composition optimized by our group [11] : 58SiO 2 : 40CaO : 5P 2 O 5 . The synthesis of nBG was carried out as follows: a calcium-based solution was prepared by dissolving 7.7 g of Ca(NO 3 ) 2 ⋅3H 2 O (Sigma-Aldrich) in 117 mL of distilled water at room temperature. A second solution was prepared by diluting 9.7 mL of tetraethyl orthosilicate (TEOS 98%; Aldrich) in 63.5 mL of ethanol, and it was added to the calcium nitrate solution, and the pH of the resulting solution was adjusted to 1-2 with citric acid. This transparent solution was slowly dropped under vigorous stirring into a solution of 1.2 g of NH 4 H 2 PO 4 (May & Baker) in 1500 mL of distilled water. During the dripping process the pH was kept at around 10 with aqueous ammonia. The mixture was stirred for 48 h and aged for 48 h at room temperature. The precipitate was separated by centrifugation (12,000 rpm) and washed by three centrifugation-redispersion cycles with distilled water. The separated solid was dispersed in 200 mL of a 2% w/v aqueous solution of polyethylene glycol (PEG, 10,000) and stirred for 24 h. This suspension was freeze dried and then calcined at 700 ∘ C for 3 h to obtain a fine white nBG powder.
Synthesis of Mesoporous Bioactive
Glass. Ordered mesoporous 58SiO 2 -36CaO-6P 2 O 6 (mol.%) bioactive glass (MBG) was synthesized using the sol-gel/evaporationinduced self-assembly (EISA) technique [16] . The sol-gel synthesis solution was prepared by using TEOS, triethyl phosphate (TEP), Ca(NO 3 ) 2 ⋅3H 2 O as SiO 2 , P 2 O 5 , and CaO sources, respectively. This sol-gel solution was formed using HCl as catalyst in a water-ethanol media, and the nonionic surfactant Pluronic P123 as structure-directing agent. The resulting colorless sol was stirred at room temperature for 24 h and then was transferred into Petri dishes and evaporated at 40 ∘ C for ∼7 days. The dried gel was removed as a homogeneous and transparent film and treated at 700 ∘ C for 3 h to obtain a white MBG powder.
Synthesis of Mesoporous Bioactive Glass Nanospheres.
MBG nanospheres were synthesized by the hydrothermal method reported by Wu et al. [14] using cetyltrimethylammonium bromide (CTAB) and poly(vinylpyrrolidone) (PVP) as cotemplates. In a typical experiment, 1 g PVP and 0.46 g NaOH were firstly dissolved in 120 mL distilled water. Then, 1.4 g CTAB was added to the PVP-NaOH solution and stirred for 1 h. ∘ C with tri-(hydroxymethyl) aminomethane and hydrochloric acid. For this purpose, circular pellets of 9 mm diameter and 2 mm thickness were prepared by compacting the bioceramic powder in an evacuable pellet die. The bioceramic pellets were individually soaked in 50 mL of SBF in polyethylene containers at 36.5 ∘ C using a thermostatic bath. After incubation for a designated time period, the bioceramics were removed from SBF, rinsed with distilled water, and dried at 60 ∘ C.
Material Characterization.
Bioaceramic nanomaterials and apatite formation in SBF were analyzed by X-ray diffraction (XRD). XRD patterns were measured on a Siemens D 5000 diffractometer using CuK radiation within a 2 range of 5-50 ∘ at a scanning speed of 1.2 ∘ /min. For XRD analysis, the bioceramic pellets were removed from SBF solution, then rinsed with distilled water, and dried at 60 ∘ C for 24 h. Bioceramics were also examined by Transmission Electron Microscopy (TEM) in a Philips Tecnai 12 Bio Twin microscope. Specimens were prepared by transferring a small drop of sample-ethanol suspension to carbon-film coated copper grids. The porous nanostructure of MBG and nMBG materials was examined by high resolution transmission electron microscopy (HRTEM) on a FEI-Tecnai G2 F20 S-Twin high-resolution transmission electron microscope equipped with a field emission gun operating at an accelerating voltage of 120 kV. Plan-view film specimens of MBG were prepared by removing the silica MBG films from the Petri dish and suspending them in ethanol. This suspension was then dispersed on a holey carbon film supported by a copper grid. The materials were also analyzed by scanning electron microscopy with a Jeol JSM 5410 microscope equipped with energy-dispersive X-ray spectroscopy (EDX) after coating the surfaces with gold. Chemical structure of the materials was characterized by attenuated total reflectance with Fourier transform infrared spectroscopy (ATR-FTIR) on an Agilent Cary 630 ATR-FTIR spectrometer. ATR-FTIR analysis of hydroxyl functional groups was performed after heat treatment of the samples at 150 ∘ C for 2 hours. Textural characterization of bioceramic nanomaterials was carried out by N 2 adsorption at 77 K in a Micromeritics ASAP 2010 sorptometer. The specific apparent surface areas (Sg) were obtained using the Brunauer-Emmett-Teller (BET) method. Pore diameter was estimated from the pore size distribution curves obtained by the Barrett-Joyner-Halenda model.
Protein Adsorption.
Bovine serum albumin (BSA) (Merck) was used as model protein. Solutions containing 0.4 mg/mL of protein were prepared in a pH 7.4 phosphate buffer (K 2 HPO 4 /KH 2 PO 4 100 mM), and 1.5 mL of protein solution was contacted with the bioceramic pellet in a 20 mL glass vial and then incubated at 37 ∘ C for 6 h. The surfaces were then washed with phosphate buffer to remove the nonadherent proteins. Each sample was transferred to a 20 mL glass vial containing 1.5 mL of 2% sodium dodecyl sulfate solution and subsequently incubated at 37 ∘ C in a thermostatic bath for 12 h to extract adhered proteins. Protein concentration was determined using the spectrophotometric Micro Bicinchoninic Acid Assay Kit (Thermo Scientific) according to the manufacturer's instructions.
Ion Release Measurements.
The release of calcium, phosphate, and silicon ions from the bioceramics was measured up to 14 days of incubation in tris(hydroxymethyl)amino methane (Tris) buffer solution pH 7.4. 10 mL of Tris buffer solution was contacted with the bioceramic pellets (0.15-0.30 g) in a 20 mL glass vial and then incubated at 37 ∘ C. After completing the incubation period, the pellets were removed, and the resulting solution was centrifuged at 12,000 rpm for 20 min in order to eliminate loose bioceramic particles. The Ca 2+ in the aqueous phase was analyzed with a HANNA HI4104 Calcium Polymer Membrane Combination Ion Selective Electrode. PO 4 3− concentration was determined by using the spectrophotometric method based on the ammonium molybdate reaction [18] . Soluble silicon species were analyzed by using an ASTM spectrophotometric method that determines molybdate-reactive soluble silicon species [19] . The concentration of ion released into the solution was expressed as ion concentration per bioceramic mass (mM/g).
Cell
Culture. Stem cells isolated from dental pulp (DPSCs) [20] were used to evaluate cell proliferation and differentiation in the presence of conditioned medium containing nanobioceramic dissolution products. 10 mg of nanobioceramic powder was added to 1 mL of Dulbecco's modified Eagle medium (Alpha-MEM; Invitrogen Life Technologies). The medium contained 10% fetal bovine serum (FBS GIBCO), 100 U/mL penicillin, and 100 g/mL streptomycin. The bioceramic particles were kept in the culture medium for 1 and 5 days at 37 ∘ C. Afterward, the suspension was centrifugated at 4000 rpm for 20 min and passed through a 0.2 m filter. The filtrate solution was stored for the cell culture assays.
Approximately 7500 cells were cultured with 500 L of the bioceramic-conditioned medium (for 1 and 5 days) and incubated at 37 ∘ C in a humidified air atmosphere containing 5% CO 2 . The cell viability was evaluated using the 3-(4,5-dimethylthiazol-2-yl)5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2Htetrazolium (MTS) assay according to the protocol provided by the manufacturer (CellTiter Aqueous One Solution cell proliferation assay kit from Promega). MTS assays were performed in quadruplicate after 3, 5, and 7 days of cell culture. Briefly, after 2 h of incubation with the MTS reagent in a humidified 5% CO 2 atmosphere, the medium was collected from the samples and absorbance was measured at a wavelength of 490 nm using an ELISA microplate reader (Tecan Infinite F-50).
The osteogenic differentiation of DPSCs in the presence of the nanobioceramic-conditioned medium was also evaluated. DPSCs, 6.5 × 10 3 cells, were seeded with the conditioned medium and maintained in basal culture medium for 7 days (DMEM supplemented with 10% FBS, 100 IU/mL penicillin, and 100 mg/mL streptomycin). The medium was changed every 3 days. After completing the incubation period, alkaline phosphatase (ALP) production was analyzed by nitroblue tetrazolium (NBT) 5-bromo-4-cloro-3-indolyl phosphate ptoluidine (BCIP) assay. ALP secreted by the osteogenically differentiated cells produces the cleavage of the phosphate group of BCIP, which generates a proton that reduces NBT to an insoluble purple precipitate. The intensity of enzyme activity associated with the cells was qualitatively examined by optical microscopy.
To analyze Runx2 gene expression, 2 × 10 5 cells were plated in 35 mm in duplicate. They underwent treatment for 48 hours with conditioned medium of 1 and 5 days. Total RNA was isolated with Trizol (GIBCO, Carlsbad, CA, USA) from control cells and those treated with conditioned medium. Complementary DNA was generated by M-MLV reverse transcriptase (Promega, Madison, WI, USA) using oligo (dT) (Promega) as primer and 1.0 g of total RNA. Real-Time quantitative PCR reactions were performed using the following human-specific primers: RUNX-2, forward 5 -CAAGTA-GCAAGGTTCAACGA-3 and reverse 5 -CGGTCAGAG-AACAAACTAGG-3 , PCR product size 205 bp, GADPH, forward 5 -CAAAATCAAGTGGGGCGATGCTG-3 and reverse 5 -TGTGGTCATGAGTCCTTCCACGAT-3 , PCR product size 283 bp. The expression of GADPH was analyzed as a loading control. Quantitative PCR was performed with the real-time PCR system, LightCycler (Roche, Diagnostics, BS, SE). Each reaction was conducted in strips with 50 ng of cDNA, in a final volume of 10 L. The PCR mixture contained LC FastStart DNA Master SYBR Green I (Roche Diagnostics, Basel, Switzerland), 3 mM MgCl 2 , and 0.3 pmol of each primer (forward and reverse). Fluorescence was analyzed using LightCycler Analysis Software (Roche Diagnostics, BS, SE). The quantification of gene expression was determined through fold-change relative to the control condition. Figure 1 shows the characterization results of the synthesized nanobioceramics. XRD pattern of nHA is in agreement with the HA crystalline phase (JCPD 09-0432), whereas the nBG pattern confirms the amorphous nature of the BG structure. The low-angle XRD patterns of MBG and nMBG present the characteristic Bragg reflections corresponding to a highly ordered mesoporous structure. These low-angle XRD reflections are the result of an ordered hexagonal array of cylindrical nanopores, which is indexed assuming a hexagonal unit cell (space group p6mm) [21] . TEM images show that nHA and nBG present an estimated particle size of around 40 and 70 nm, respectively. MBG has a micrometric particle size of approximately 2.5 m, whereas nMBG particles exhibit a spherical morphology of around 100 nm. HRTEM images of MBG and nMBG show that these materials present a honeycomb-like structure, consisting of a hexagonal close-pack array of nanopores. The diameter of the nanopores estimated from HRTEM images is around 4 nm. BET specific surface areas of nHA and nBG were 67 and 77 m 2 /g, respectively. These nanoparticles are essentially nonporous, so the surface area values should be given mainly by the external surface area of the nanoparticles. MBG and nMBG presented surface area values as high as 488 and 443 m 2 /g, which is consequence of the large internal surface provided by the highly ordered nanoporous structure. Table 1 presents the semiquantitative results of the chemical composition of the particles obtained by the EDX analysis. Calcium and phosphorous contents of nHA and siliceous nature of BG materials are confirmed. It can be noted that BG particles with nanoporous structure (MBG and nMBG) present a considerably lower content of phosphorus than that measured in the nBG particle, indicating that final phosphorous contents in nanoporous BG materials may differ more significantly from the nominal compositions.
Results and Discussion
Synthesis of Nanobioceramics.
Surface hydroxyl groups of the bioceramics were analyzed by FTIR-ATR in the 3000-4000 cm −1 range (Figure 2 ). IR spectra of the materials exhibit bands around 3657 and 3744 cm −1 corresponding to structural hydroxyl groups. In the case of nHA, the band at 3657 cm −1 is due to OH hydrogen bonded with phosphate group whereas the band around 3744 cm −1 has been assigned to O-H stretch where very little or no hydrogen bonding occurs [22] . In the FTIR-ATR spectra of BG materials, the 3744 cm −1 band may be attributed to O-H stretch of free silanol groups, whereas 3657 cm −1 vibration could be related to geminal silanols, which consist of two hydroxyl groups, that are attached to one silicon atom of the BG structure [23] . Among the BG materials studied, nMBG spectrum exhibits only the O-H stretch band with relatively low intensity, indicating that the microsized MBG presents a lower concentration of silanol groups on its surface. Figure 3 schematizes the main structural characteristics of the nanomaterials and the synthesis route used for their preparation. Models of the molecular structure of HA and BG are also shown. nHA and nBG are essentially no porous materials with nanometric particle size. MBG and nMBG have a highly ordered hexagonal nanoporous structure with micrometric and nanometric particle size, respectively. HA is a hydroxylated calcium phosphate with a crystalline structure, which contrast with the amorphous and siliceous structure of BG. 
In Vitro Bioactivity Assays.
The ability of the bioceramics to induce the formation of bone-like apatite on its surface was assessed in SBF. Apatite crystallization can be analyzed by XRD (Figure 4 ) considering the intensity of the peak at 31.7 ∘ 2 , corresponding to the 211 reflection of the apatite crystal (JCPD250166). XRD pattern of nHA does not undergo changes after the different immersion periods in SBF; particularly the intensity and shape of the reflection around 31.7 ∘ are maintained. In the case of BG nanomaterials, the apatite crystallization peak is observed in all XRD patterns (Figures 4(b)-4(d) ). After 24 h of immersion in SBF, a faster apatite formation is observed on nBG than that produced on MBG and nMBG, as judged by the intensity of the 31.7 ∘ peak. Moreover, XRD pattern of MBG nanospheres after 72 h exhibits an apatite peak more intensive than that observed in the diffractogram of the microsized MBG. The evolution of apatite formation on the bioceramic surfaces was also verified by FTIR-ATR analysis ( Figure 5) , mainly from the presence of two bands around 600 cm −1 , attributed to the P-O bending vibration and from another strong band in the 1000-1100 cm −1 area, attributed to the P-O symmetric stretching vibration in crystalline apatite [24] . The FTIR spectra of nHA soaked in SBF retain the characteristic bands of the unreacted nanoparticle. In the case of nBG, the doublet of bands centered at 560 and 600 cm −1 can be observed after 12 h, confirming a faster formation of crystalline apatite after short times of immersion in SBF. As the apatite layer begins to develop on the nanoparticle surface, the P-O stretching peak becomes more intense and sharper. The crystalline P-O vibrational bands in the MBG and nMBG spectra appear only after 72 h and present significantly lower intensity than that observed in the nBG spectra. Apatite mineralization on the nanobioceramic surfaces was also examined by SEM-EDX analysis ( Figure 6 ). After immersion in SBF, nHA shows smooth and homogeneous surface, confirming the low apatite-forming ability of this nanobioceramic. In contrast, a higher degree of mineralization in terms of density, extension, and cluster mineral size can be seen on the nBG surface at early incubation period, which is increased with the immersion time in SBF. A similar precipitate morphology was observed on the MBG surface; however, these mineral deposits have a less crystalline structure as was already confirmed by XRD and FTIR analyses. nMBG exhibits a relatively smooth surface until 24 h of immersion in SBF. After 72 h, the presence of a dense mineralized layer covering all the nMBG is detected, with similar appearance to the mineral phase formed on nBG and MBG. Figure 6(b) shows the Ca and P contents of the mineralized surfaces determined by EDX analysis. It can be observed that BG nanomaterials present a marked increase in the total Ca and P contents with increasing time in SBF, whereas it increases slightly on the nHA surface, correlating well with the evolution of apatite formation observed in the previous analyses. In order to explain the bioactive behavior of the nanobioceramics, the amounts of calcium phosphate and silicon released from the nanomaterials into Tris buffer at pH 7.4 were measured. Figure 7 shows the concentration of ions released per mass of bioceramic as a function of time. nBG and nMBG presented a marked release of Ca 2+ within the first 3 days of immersion in Tris buffer. However, extremely low Ca 2+ concentrations were released from nHA and MBG during the entire monitoring period. On the other hand, nBG also exhibited the highest PO 4 3− release concentrations after 2 days, reaching a maximum concentration at 1 day of immersion into solution. PO 4 3− release tend was similar for nHA, MBG, and nMBG, which could be related to the higher stability of the HA crystalline structure and the lower phosphorous contents of the MBG materials. No significant differences were detected in the concentration of silicon species (dissolved simple silicates, monomeric silica, and silicic acid) produced for the BG materials, which increased around 4 mM/g over the first 24 h of immersion.
The crystallization of the apatite phase on the bioceramics strongly depends on the concentration of ionic dissolution products in the surrounding fluid [25, 26] . As has already been mentioned, siliceous and more amorphous BG structure is more soluble and reactive than crystalline HA, thereby accelerating the apatite formation process through the ionic dissolution products. BG materials with nanometric particle size (nBG, nMBG) promoted a faster formation of apatite phase with a more crystalline structure. These results suggest that external surface area of the BG nanomaterials seems to affect the crystallization of apatite more significantly than the internal surface area of the nanoporous materials. Sepulveda et al. [27] found that the microsized glasses have a dissolution behavior that is directly correlated with their particle size range, with the dissolution rate increasing as the particle size decreased. Mačković et al. [28] prepared bioactive glass (type 45S5) nanoparticles with a mean particle size in the range of 20-60 nm by flame spray synthesis. The BG nanoparticle confirmed higher surface reactivity compared with the micron-sized BG promoting a faster apatite formation after 1 day. In our study, nBG with particle size of ∼70 nm and essentially no porous structure clearly presents the highest bioactive response, accelerating the crystallization of apatite after 24 hours of immersion in SBF. Although nMBG present a high surface area nanoporous structure and a particle size (∼100 nm) slightly larger than nBG, apatite formation on this particle occurs only after 72 hours. This result could be due to the effect of nanoparticle size reduction from 100 to 70 nm on the crystallization process of apatite on the nanoparticle surface but also to the significantly lower phosphorous content released by the nMBG particle. In the case of MBG nanomaterials, it has been observed that nanopore sizes and surface areas directly relate to their bioactivity [29] . Large and accessible porosity, high surface area, and high material reactivity accelerate the Ca 2+ -H + ionic exchange in SBF, establishing an acidic MBG surface that allows the formation of octacalcium phosphate (OCP) during the first hour, which is transformed into a deficient carbonatehydroxyapatite (CDHA) with increasing incubation time [16] . Ion transport from and toward the internal surface of MBG is limited by diffusion through the nanoporous channels, which should reduce the rate of crystallization of the apatite layer in relation to that formed through a no impeded ion diffusion process on the external surface of nBG. This ion exchange stage of the mechanism of apatite formation, low content of phosphorous, and surface silanol groups of the MBG particles can explain the lower apatite mineralization observed on MBG. Although MBG and nMBG presented significantly lower phosphorous content than the nBG, particle size reduction to nanometric dimensions seems to accelerate the formation of apatite on the BG materials, rather than an internal surface area provided by the nanoporous structure.
Protein Adsorption.
The protein adsorption capacity of the bioceramics is also an important property that affects their bioactivity by influencing the cellular attachment, proliferation, migration, and differentiation [30] . BSA was used as model of extracellular protein to study the protein affinity of the nanobioceramic surfaces. From Figure 8 (a), it can be observed that the protein adsorption capacity of nHA was higher than that presented by the BG nanoceramics, and a larger amount of protein is adsorbed on the BG materials with nanometric particle size (nBG and nMBG). FTIR-ATR spectra of protein adsorbed on the nanobioceramic surfaces exhibit the characteristic bands of amide group at 1600−1690 cm −1 (amide I, C=O stretching), 1480−1575 cm (amide III CN stretching, NH bending) [31] . The intensity of these bands is higher in the FTIR spectrum of the proteins adsorbed on nHA than that observed in the spectra of the BG materials. Particularly, amide vibrations of proteins adsorbed on MBG are weakly detected. Protein adsorption process on the bioceramics depends on several factors, such as chemical composition, surface charge, particle size, specific surface area, and porosity of the materials [32] . Ca +2 and PO 4 3− constitute the main binding sites for protein adsorption on bioceramic surfaces [33] , which could explain the higher amount of protein adsorbed on nHA compared with that adsorbed on the siliceous BG materials. In addition, BG has a higher solubility than HA, which has been found to increase the medium pH, producing a negative charge on the glass surface that may reduce the affinity with the negatively charged proteins [34] . On the other hand, protein adsorption was relatively lower on microsized MBG particle. Although MBG has a high specific surface area, the adsorption of BSA with 4 nm × 4 nm × 14 nm dimensions on the internal MBG surface is probably limited through nanopore openings of 4 nm. This effect was also observed for protein adsorption on nanocrystalline Zn-containing hydroxyapatite with different porosity [35] where it was concluded that the pore size is the major factor controlling the selective adsorption of serum proteins. In the current study, adsorption of BSA on the bioceramics should take place mainly on the external surface of the particle, which is favored on bioceramics with smaller nanometric particle size having higher external surface area.
Cell Culture.
The effect of bioceramic-conditioned media (for 1 and 5 days) on the proliferation and differentiation of DPSCs was also assessed. Figure 9 shows that MTS absorbance of cells cultured in the different conditioned media tended to be slightly higher than that of control culture, confirming that the nanomaterial extracts do not affect viability of DPSCs. The increase of cell viability produced by the BG conditioned media has been also observed by other authors [36] . This effect is attributed to the alkalinization produced by ion exchange between BG and medium, which increases the sensitivity of calcium channels of the cell membrane, enhancing cellular calcium entry. The osteogenic differentiation of DPSCs was assessed by detecting the production of ALP enzyme and the gene expression of Runx2. ALP can easily be detected using BCIP/NBT as a substrate, which stains cells blue-violet when ALP is present. From Figure 10 , it can be observed that when DPSCs are cultured with 1-day nanobioceramic-conditioned media, significant ALP staining is only observed in the cells cultured with the nBG extract. On the other hand, cells cultured in media treated with BG materials for 5 days produce equivalent ALP staining, except the cells incubated in nHA medium, which exhibit a relatively low production of ALP. The expression of osteogenic gene Runx2 was also detected in all the nanobioceramic-conditioned cell cultures (Figure 11 ). The expression of Runx2 was particularly upregulated for the DPSCs cultured with the nBG and nMBG extracts. ALP and Runx2 are considered early markers of osteogenic differentiation process of stem cells, which are expressed when boneforming osteoblasts lay down the bone extracellular matrix [37, 38] . The capability of microsized BG to promote the upregulation of ALP and Runx2 has seen demonstrated in several studies [39, 40] . Osteogenic differentiation properties of BG have been largely attributed to the effect of specific concentrations of its ionic dissolution products (silicon) [41] , which also favors the osteoblast metabolic activity through an increase in the extracellular pH [42] . In the current Journal of Nanomaterials study, the silicon concentrations released into buffer Tris pH 7.4 measured by an ASTM photometric method did not reveal significant differences among the studied bioceramics. However, Ca 2+ concentrations were found to be higher in the dissolution products of nBG and nMBG, and higher PO 4 3− concentrations were also detected in the nBG extracts. Specific Ca 2+ concentrations have been found to be suitable for osteoblast proliferation, differentiation, and extracellular matrix (ECM) mineralization [43] . Ca 2+ also increases the expression of insulin growth factors that regulate osteoblast proliferation as well as the release of glutamate, which is known is involved in bone mechanosensitivity mechanism [44] . On the other hand, it has been also demonstrated that PO 4 3− regulates the expression of the matrix Gla protein (MGP) in osteoblasts [45] , a key regulator of bone formation.
As has already been discussed, high surface area of bioceramics with nanometric dimensions increases their solubility, and consequently the release of ionic products with osteostimulative capacity. This effect is particularly marked for nBG, which presents the smallest nanoparticle size and therefore higher external surface available for ion dissolution without pore diffusion limitations. Rapid dissolution of nBG enables the formation of a bioactive extracellular medium after 1 day of incubation, which is capable of upregulating key osteogenic markers involved in the development of a mineralized phenotype. It is worth emphasizing that all nanobioceramics were able to stimulate the osteogenic differentiation of DPSCs in absence of osteogenic factors, which is an important aspect for bone tissue engineering applications. In addition, the capability of nBG for accelerating the in vitro apatite crystallization, as well as the osteogenic differentiation of stem cells, suggests that this bioactive nanoparticle could be useful for promoting rapid bone tissue repair.
Conclusion
This study demonstrates the effect of nanoscale structural properties of nanobioceramic particles on their in vitro bioactivity and stem cell response. HA and BG nanoceramics were found to present different bioactive response depending on their chemical composition, nanoparticle size, surface area, and porosity. In general, BG nanomaterials present higher bioactivity in SBF than HA due to the less crystalline and more reactive nature of the glass structure. The nanometric particle size of BG seems to be more determining in controlling the concentration of ionic dissolution products and therefore the bioactivity compared to their nanoporous structure. It is postulated that higher external surface area of nBG nanoparticles enables rapider glass dissolution as compared with the internal and less accessible surface area provided by the MBG nanoporous structure. Short dissolution periods of nBG also produce bioactive extracellular media capable of upregulating key osteogenic markers involved in the development of a mineralizing phenotype in DPSCs. The bioactive properties exhibited by nBG appear promising for accelerating the bone regeneration process in tissue engineering applications.
